INTRODUCTION
Alteration of the burn temperat:ure of cigarettes is one of several concepts suggested as a means of ~educing the level of benzo(a)pyrene . (BAP) and other polynuclear hydrocarbons in smoke (1).
Many studies have been concerned with the effects of temperature on the pattern of pyrolytic generation of BAP, phenol and other smoke constituents from a variety of precursors, and the major findings h<!.ve been reviewed recently (1). In at least one instance (2) , parallel biological tests have shown that pyrolytic temperature is directly related to the tumorigenic properties of the pyrolysates in animals.· In general, however, extrapolation of pyrolytic data to the formation of smoke components during burning of a cigarette is. tenuous. Profound qualitative (3) and quantitative differences (4) are noted on comparing pyrolysates and smoke condensates. To resolve the validity of this concept of combustion temperature alteration, it is necessary to find a means of achieving gradient temperature change in cigarettes during smoking. The present report describes a basic study of the -effects of a ~ide variety of additives on combustion temperature .
. METHODS

Cigarettes and Smoking Condition$
Commerdat 85 mm nonfilter cigarettes made in the United States were used in the study. All cigarettes were smoked in a constant. ~olume smoking machine using the following conditions: puff volume, 35 ml; puff duration, 2 sec; arid puff frequency, 1 per min. For controls, temperatures were obtained on one brand of cigarettes. For cigarettes containing additives, the tobacco cylinders were removed from the same brand of cigarettes, the tobacco mixed with the additive and the tobacco-additive mixture hand-rolled by machine into cigarettes as indicated below.
Additives
Several methods were used in making mixtures of tobacco and additives. Most frequently, the additive was ground, screened through a 200 mesh sieve and mixed intimately with the tobacco in a small, flexible bag. In a second method, the additive was dissolved in a solvent, the solution was sprayef:! ·on' the tobacco and the solvent was removed· by drying the mixture in an oven at 105° C. A third procedure involved spraying a precursor of the desired additive on the tobacco and precipitating or hydrcilyzing the precursor to form the desired product in situ. For example, ferric
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•• Present address: Department of Chemis~ry, Univ.ersity of Delaware, Newark, Delaware, 19711. DOI: 10.2478 /cttr-2013 oxide was obtained by spraying a given weight of tobacco with an equal weight of a finely divided aqueous suspension of ferric acetate, which was prepared by refluxing a 1.5:1 (wfw) ratio of glacial acetic acid and iron powder; some ferrous iron was also present in the product as indicated by a positive o-phenanthroline test. The impregnated tobacco was then dried at 1.05° C in an oven and sprayed with steam to effect· hydrolysis. Mixtures of tobacco and stannic oxide were similarly obtained by impregnation with alkalinized sodium stannate solution and subsequent release of the oxide by spraying with acetic acid after removal of solvent. All test. and control cigarettes were equilibrated over saturated NaBr solution before smoking. Glasses were prepared by fusing lead oxide and boron oxide in porcelain or fire clay crucibles using an oxygen-natural gas blast lamp. The melt was poured on a sheet of stainless steel plate or asbestos and, after cooling, the glass was ground in a ball mill. In many cases, cigarettes would extinguish after lighting due to the additive. A small amount (usually < 1. 0 /o) of ferric oxide was then added to the cigarettes to maintain the burn. This level of the oxide did not influence the combustion temperature.
Moisture
Moisture determinations were performed by a modification of the Karl Fischer Method (5) and with the Ohaus Moisture Balance, both of which gave essentially comparable values.
Temperature Measurements
All measurements were made using a Pt/Pt-1.3 °/o Rh thermocouple of either o.oo1 or o.oo2 in.
diameter (6) . In preliminary work, thermocouples of variable diameter and variable composition were also employed, including a DuPont* 900 306 (o;ou in. diameter). For combustion temperature measurements, the thermocouple was inserted perpendicular to the longitudinal axis of the cigarette at a point 1.5 mm from the front end. In this position, the thermocouple vaded in its location within the coal during the puffing of successive replicate cigarettes. To compensate for this, a sufficient number of replicates was run to yield an average value during a .!Puff cycle which could b~ reproduced· in a second set of replicates. Readings were disregarded when the thermocouple was visibly beyond the coal. Five to fifteen replicates usually sufficed, but more than 40 replicates were needed in some cases. The reported values are the mean ± the range of all replicates for a given additive.
RESULTS AND DISCUSSION
Combustion temperatures of three commercial brands of cigarettes using a o.oo1 in. diameter Pt/Pt-1.3 Ofo Rh thermocouple were essentially similar (871.
0 ± 44° C, 866° ± 42° C and 847° ± 61. 0 C) and within the acceptable range of values (6) . Similar results were obtained with small (o.oo1 in. and o.oo2 in.) diameter thermocouples of different composition (chromel/constantan, Fe/constantan and Pt coated with Tempilaq, m. p. 1.361° C). A o.o1.2 in. diameter thermocouple gave temperatures about 1.50° C lower than the above. The temperatures recorded by the smaller diameter thermocouples were confirmed by the fusion of various salts placed in melting point tubes and inserted into the cigarettes. Sodium metavanadate (m. p. 630° C), sodium iodide (m. p. 651. 0 C) and sodium chloride (m. p. 804° C) fused, but barium chloride dihydrate (m. p. 925° C) did not. Some slight · sintering occurred with barium bromide dihydrate (m.p.88o 0 C) and sodium sulfate (m.p.884°C). The addition of chemical agents to cigarettes produced a variety of changes in the burning characteristics, including a significant increase in the range of combustion temperature values obtained in replicates. Mu.ch of this variability was . due to the well-known difficulties in getting uniformly packed cigarettes by hand-rolling. In all cases, attempts were made to distribute uniformly the additives within the tobacco in a cigarette but only partial success was evident in some instances. This variability made detection of small temperature differences impossible and rendered evaluation difficult without extensive statistical analysis. Since a tiloice was necessary between statistical analysis with a small number of additives or screening· a large number of additives for large temperature alterations, the latter course was selected.
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A total of 97 additives were studied for effect on coal temperature, including members of the following groups:
·1 
Free radical initiators and inhibitors
The following agents were tested in concentrations of 3-25 °/o: benzothiazyl disulfide, 2-mercaptobenzothiazole, tetraethylthiuram disulfide, benzyl disulfide, N-bromosuccinimide, pyrogallol, azobenzene, dipentamethylenethiuram tetrasulfide, sulfur, chloranil, hydroquinone, diphenylamine, 2,2-diphenyl-1.-picrylhydrazyl and 4,4'-dithiodimorpholine. None of the additives markedly altered the combustion temperature. Table ' 1 gives representative data for benzothiazyl disulfide and benzyl disulfide. Of all additives tested in the entire study, only these compounds gave some indication of a possible temperature elevation; however, with both additives, the temperature ranges of test and control cigarettes overlapped and the significance of the differences of the means is probably ·questionable. ·
Salts of organic acids
The following compounds were tested: Ni+ 2 , Ca+ 2 , Mg+ 2 , Fe+ 8 , Pb+ 2 and Sn+ll salts of oxalic acid; Ni +ll, Mg+ll, Cu +ll and Co+ll salts of formic acid; and strontium tartrate. In all cases, levels of 4o--5o 0 /o were necessary to obtain any noticeable effect on the coal temperature.
Although large temperature alterations were not observed, nickel oxalate and stannous oxalate had a small depressive effect (Table 1. ). (7) could not be confirmed with certainty.
Lead-borate glasses
A large number of these additives were tested, including a few which -contained small amounts of ZnO, CuO and Si02. The composition and temperature effects of some of the preparations are shown in Table 2 . In almost all cases, the cigarettes had to be relighted to continue the smoking in spite of the presence of Fe20s. Increasing the concentration of Fe20s from 0.17 °/o to 0.68 °/o had no effect on the bum temperature of cigarettes containing 81:1C}-PbO:B20s (wfw). In general, some depression was observed with glasses of different composition, but no large alteration was apparent.
" 
Refining and oxidative catalysts
The following commercial catalysts were studied: Butox-2 (oxidative dehydrogenation catalyst, Houdry), ammonium exchanged and calcined molecular sieve (Davison), HZ-1 (cracking catalyst, Houdry), reforming catalysts (MoOs or Pt on alumina gel, Houdry), hydrogenation cat~lysts (oxide~ of Mo and Co or Pt compound on alumina, Houdry), and oxidative cataiysts (oxides of chromium or uranium on silica-alumina or pumice, Houdry). Only Butox-2 showed some depressive effect but large concentrations of catalyst were required (Table 1) .
Oxidizing agents
The following compounds or mixtures were tested: NaClOs, KIOs, K2S20s, V205, PbO, Pbll04, HgO, KN02, KNOs, Mn02, MnOs and a mixture of KCIOs + Mn02 (95:5wfw). Of this group, only V 2 05 and KNOs showed some depressive activity (Table 1 ). The finding with KNOs is of particular interest since the addition of 8 Ofo NaNOs has been shown to reduce BAP, phenol and nicotine levels in smoke and the tumorigenic activity of smoke in animals (8) . However, the additive also produces higher levels of oxides· of nitrogen (including N~), acrolein and related irritants in smoke (9). ·
Flame-retardants and fire-proofing agents
The following products were investigated: a water-insoluble polyphosphate [Phoscheck P/3o, Monsanto], tris (2,3-dichloropropyl) [CZC, DuPont] and a mixture of Na2B407 · H20, HsBOs and NasP04 (35:50:15 wfw). At concentrations of 2-16°/o, all of the above had no effect on burn temperature and, in most cases, higher levels of the additives extinguished the cigarettes immediately after lighting.
Miscellaneous additives
Polyvinyl chloride ( 
5° C). Free Burn Temperatures
The free burn temperature of three brands of commercial cigarettes gave mean values of 82o 0 , 819° and 819°, respectively, thus confirming earlier reports that only small differences (..::: 75° C) are apparent between puff and free burn temperatures.
Moisture Levels
The tested additives have a wide range of hydroscopic properties. In many cases, hydrates were employed. Therefore, the moisture levels in the test cigarettes obtained on storage over NaBr saturated water gave a wide range of values. Adjustment of moisture of: all cigarettes to the same value would have required an extensive study of humidifying conditions ,for each additive which would have reduced the number of additives tested. In the-more than 320 combinations of additives and concentrations tested, a range of 5.o-18.3 °/o moisture was obtained. However, in most cases, the values for the impregnated cigarettes were in the approximate range of 7.o-n.o0fo. The control cigarettes had a moisture content of 11.4 Ofo. Since a depression of about 85° C in combustion temperature is observed on reducing the moisture of cigarettes from 13.1 °/o to 4.7°/o (1o), some of. the slight temperature alteration observed above may have been due to this drying effect although this is not certain, On-the other hand, many of the additives were hydrates and released water during smoking so that the water vapor content in the vicinity of the glow zone in relatively dry cigarettes may have been higher than that in cigarettes without additives _but with higher moisture contents.
SUMMARY
A large number of cigarette additives was tested for the effect on the combustion temperature, including -free radical initiators and inhibitors, salts of organic acids, inorganic salts and other inorganic compounds, lead-borate glasses, oxidizing agents, petroleum refining and .oxidative catalysts, .flame retardants, fire-proofing salts and other compounds and mixtures. Most of the additives showed no dramatic increase or decrease of temperature even at high concentrations but some indications of small alterations were obtained in a few cases. 
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